Zinc oxide (ZnO) is a material of great interest for short-wavelength optoelectronic applications due to its wide band gap (3.37 eV) and high exciton binding energy (60 meV). Due to the difficulty in stable p-type doping of ZnO, other p-type materials such as gallium nitride (GaN) have been used to form heterojunctions with ZnO. p-GaN/n-ZnO heterojunction devices, in particular light-emitting diodes (LED) have been extensively studied. There was a huge variety of electronic properties and emission colors on the reported devices. It is due to the different energy alignment at the interface caused by different properties of the GaN layer and ZnO counterpart in the junction. Attempts have been made on modifying the heterojunction by various methods, such as introducing a dielectric interlayer and post-growth surface treatment, and changing the growth methods of ZnO. In this study, heterojunction LED devices with p-GaN and ZnO nanorods array are demonstrated. The ZnO nanorods were grown by a solution method. The ZnO nanorods were exposed to different kinds of plasma treatments (such as nitrogen and oxygen) after the growth. It was found that the treatment could cause significant change on the optical properties of the ZnO nanorods, as well as the electronic properties and light emissions of the resultant LED devices.
INTRODUCTION
Zinc oxide (ZnO) has been recognized as a promising candidate for short-wavelength photonic and optoelectronic devices due to its large band gap (3.37 eV) and high exciton binding energy (60 meV). ZnO-based optoelectronic devices such as light-emitting diodes (LED), photodetectors, etc. have been extensively investigated. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] There are a few reports on devices based on ZnO homojunctions [1] [2] [3] [4] [5] due to the fact that p-type doping has been a major challenge. Other p-type materials such as gallium nitride (GaN), [6] [7] [8] [9] [10] [11] [12] [13] [14] silicon (Si), [15] [16] or organic materials 17 have been utilized to form heterojunctions with ZnO. Among them, GaN is one of the most popular candidates. Like ZnO, GaN has wurtzite crystal structure and a band gap of ~3.4 eV. The similarity in crystal structures and the lattice spacing of GaN and ZnO (lattice mismatch ~2%) allows high quality and effective junctions to be made. Park and Yi demonstrated LED devices made with p-type GaN and ZnO nanowires array grown by metal organic vapor phase epitaxy (MOVPE). 6 Ng et al. also reported electroluminescence (EL) on heterojunctions of p-type GaN and ZnO nanorods array prepared by lowcost solution-based methods. 7 It was suggested that the emission color could be varied with different ZnO growth seed layers and nanorod growth method due to different interfacial states and energy band alignment across the junction. 7 The energy band alignment can also be modified by the addition of an interlayer between the p-GaN and ZnO layers. [9] [10] [11] [12] [13] [14] Li et al. suggested that the UV electroluminescence intensity and output power of a GaN/ZnO heterojunction could be enhanced by inserting an intrinsic magnesium oxide (i-MgO) layer at the junction interface. 10 Chen et al. also reported that the p-GaN/n-ZnO heterojunction lighted up under forward bias with the MgO interlayer, but exhibited no emission without the interlayer. 12 It was suggested that the MgO layer could block the electrons from the ZnO layer and change the electron-hole recombination position across the heterojunction. 12 Other than MgO, materials with large band gap such as gallium oxide (Ga 2 O 3 ) 13 or polymer film 14 have also been employed. Recently, we have found that plasma treatment can significantly change the optical properties of ZnO. 18 The defect emission of ZnO nanomaterials was almost completely quenched by exposing to hydrogen plasma. It was suggested that hydrogen plasma could passivate the defects either on the surface or in the bulk. 18 In this study, we demonstrate heterojunctions made with p-type Mg-doped GaN layer and n-type ZnO nanorods array grown by a facile solution method. The as-fabricated devices were subjected to different kinds of plasma (nitrogen and oxygen). The effects of the plasma treatment to the properties and performance of the resultant devices was studied.
EXPERIMENTAL

Device fabrication
The heterojunction was fabricated by growing ZnO nanorods on top of an Mg-doped GaN layer with MgO interlayer. The device structure is shown on Figure 1 . The Mg:GaN layer was prepared by metal-organic chemical vapor deposition (MOCVD) as described elsewhere. 7, 8, 12 In short, a p-type Mg:GaN layer (550 nm) was deposited on a layered structure of highly resistive Mg:GaN (550 nm)/Undoped GaN (2.2 μm)/GaN nucleation layer (30 nm)/sapphire. The layer was thermally activated by annealing in N 2 atmosphere at 825 ºC. The resultant film has hole concentration of ~5×10 7 cm -3 measured by Hall measurement. MgO interlayer was deposited on the Mg:GaN layer with electron-beam deposition.
ZnO nanorods array was grown by a hydrothermal method commonly reported. 5, 7, 19 A ZnO seed layer was firstly deposited by oxidation of zinc acetate (Zn(CH 3 COO) 2 ) precursor. The substrate surface was wet with 5 mM solution of zinc acetate (99.99% purity, Sigma Aldrich) in ethanol, rinsed thoroughly with pure ethanol, and then blown dry with an Ar stream, followed by annealing at 350 ºC for 25 minutes. The samples were then put into an equimolar aqueous solution of 25 mM zinc nitrate hexahydrate (Zn(NO 3 ) 2 ·6H 2 O, 99.999% purity, Sigma Aldrich) and hexamethylenetetramine (99+% purity, Sigma Aldrich) and heated up to ~90 ºC for 3 hours.
Ni/Au electrode (55 nm Ni/40 nm Au, deposited by e-beam deposition and thermally activated at 600 ºC) was used as the contact for the p-type Mg:GaN layer. Ag electrode (200 nm, deposited by thermal evaporation) was used as the top contact for the n-type ZnO nanorods array. In order to insulate the top contact from the GaN layer, poly(methyl methacrylate) (PMMA, molecular weight: 950,000, MicroChem) was used to fill the gap among the ZnO nanorods. The tips of the nanorods were exposed by oxygen plasma before the deposition of the top contact.
Plasma treatment on the fabricated devices were performed with Oxford Plasmalab 80 Plus Reactive Ion Etcher. The gas flow rate (N 2 and O 2 ) and system pressure were 100 sccm and 700 mTorr respectively. The RF power was 150 W and the exposure time was 5 minutes.
Device characterization
The morphologies of the ZnO nanorods were examined with scanning electron microscope (SEM, JEOL-JSM 7001F). The photoluminescence (PL) and electroluminescence (EL) of the devices were measured with a fiber-optic spectrometer (PDA-512, Control Development Inc.). A He-Cd laser (325 nm) was used as the PL excitation source. A source meter (Keithley 2400 Sourcemeter) was used as the device power source for EL measurements. Figure 2 shows the representative SEM image of the ZnO nanorods grown on the p-GaN substrate with MgO interlayer. The resultant nanorods are not well aligned perpendicularly to the surface similar to a previous report. 12 It is likely due to the lattice mismatch at the interface. No significant effects on the morphology of the nanorods (not shown here) was found for both nitrogen and oxygen plasma treatments. It was reported previously that hydrogen plasma treatment induced no observable changed on the morphologies of different ZnO nanostructures. 18 The photoluminescence (PL) spectra of the whole p-GaN/ZnO nanorods array heterojunction devices are shown in Figure 3 . All of the devices exhibit strong emission peaks at ~380 nm which is associated with the near band-edge emission of ZnO. The emission at ~440 nm is likely originated from the p-GaN layer. 7, 8, 12 Two of the samples also exhibit broad yellow or orange peak centered at around 650 nm which is probably due to the defect emission from ZnO. Several origins have been proposed to be associated to such emission, such as surface adsorbates and the presence of hydroxyl groups. 7, 8, 12 It can be observed that such yellow emission is significantly suppressed with nitrogen plasma treatment. It has been reported that the green defect emission of ZnO could be largely quenched by hydrogen plasma treatment as hydrogen plasma could passivate the defects either on the surface or in the bulk. rectifying properties of the diodes are likely due to the p-n heterojunction. On the contrary, the device treated with N plasma exhibited a large leakage current under reverse bias. The electroluminescence (EL) spectra of the heterojunctions are shown in Figure 6 . Under forward bias, all of the devices could light up, but with different emission spectrum. The untreated ( Figure 6a ) and O plasma treated device (Figure 6c ) exhibited violet emission centered at ~400 nm, which was commonly observed in p-GaN/n-ZnO heterojunction devices with MgO interlayer. 9, 11, 12 The N plasma treated device showed a significantly different EL emission, as shown in Figure 6b . The emission consists of two peaks, one centered at ~400 nm and a shoulder peak at ~550 nm. The yellowish emission was likely attributed to the emission from GaN. 12 Under reverse bias, only the N plasma treated device showed EL emission as shown in Figure 6d . UV emission around 370-380 nm was possibly related to reverse breakdown, while the yellowish peak at ~570 nm was associated to GaN emission. 12 The difference in the behavior for N plasma treated device is not fully clear and requires further study. 
RESULTS AND DISCUSSION
CONCLUSION
In summary, we demonstrated light-emitting diodes made with p-type Mg-doped GaN layer and n-type ZnO nanorods array grown by a solution method. The devices were treated with different plasma treatments and the EL emission was significantly affected. The variation on the EL emission was likely due to the change on the alignment of energy levels in the heterojunction.
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